Effective Field Theory for jet substructure in heavy ion collisions by Vaidya, Varun
MIT–CTP 5243
Effective Field Theory for Jet substructure in heavy ion
collisions
Varun Vaidya
Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A.
Abstract: I develop an Effective Field Theory (EFT) framework to compute jet substructure
observables for heavy ion collision experiments. I consider dijet events that accompany the
formation of a weakly coupled Quark Gluon Plasma(QGP) medium in a heavy ion collision
and look at the simultaneous measurement of jet mass along with the transverse momentum
imbalance between the jets accounting for both vacuum and medium evolution. The jets are
groomed using a suitable grooming algorithm in order to mitigate effects of soft contamination
from Multi-parton interactions as well as the QGP medium. This has the great advantage
that we do not have to keep track of the evolution of the QGP medium into subsequent soft
hadrons since these are groomed away from the final jet. Treating the energetic jet as an open
quantum system interacting with a QGP bath, I write down a factorization formula within
the SCET(Soft Collinear Effective Theory) framework, in which the forward scattering regime
acounts for the interaction of the medium with the jet. This leads me to a Lindblad type
master equation for the evolution of the reduced density matrix of the jet in the Markovian
approximation. The resulting solution allows a resummation of large logarithms that arise
due to the final state measurements imposed while simultaneously summing over multiple
interactions of the jet with the medium. I find that the the decoherence between the hard
interaction that creates the jet and the subsequent medium interactions leads to physical
Infra-Red(IR) collinear divergences that are otherwise absent in pure vacuum evolution. I
show that these IR divergences are completely regulated by the medium induced gluon mass
and highlight the need to develop a multi-scale EFT approach in the future to resum the new
logarithms that arise from these divergences.
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1 Introduction
The natural final state of high energy hadronic or nuclear collisions are sprays of collimated
particles consisting of hadrons and/or electrons. They are formed in an initial hard scattering,
by which we mean a collision with a large transfer of momentum, followed by subsequent
parton evolution know as a shower and fragmentation. Due to the large energies involved
in jet production, they can be studied via perturbative QCD since QCD is weakly coupled
at high virtualities of a parton. Therefore the calculation of the initial production of jets is
under perturbative control, which makes jets powerful tools to probe the properties of the
quark-gluon plasma (QGP) in heavy ion collisions.
This is based on the premise, which is now widely accepted that heavy ion collisions are
the laboratory for the creation and study of the Quark Gluon Plasma medium. The high
energy collision of nuclei both at RHIC and the LHC creates sufficiently energetic partons
that can escape confinement from color neutral hadrons and give rise to a strongly/weakly
coupled soup of quarks and gluons known as the Quark Gluon Plasma medium which, in
thermal equilibrium is mainly characterized by its temperature. We can think of this plasma
as consisting of soft partons with typical energy of the order of the temperature of the medium
which is usually much lower than the center of mass energy of the initiating nuclear collision.
These stopping collisions which create the QGP are accompanied by hard interactions which
create highly energetic partons which eventually form jets. These jets then have to traverse
through a region of the hot QGP as they evolve and hence they get modified in heavy ion
collision, compared with proton-proton collisions, due to the jet-medium interaction.
A phenomenon that has been extensively studied in literature[1–20] is that of Jet quench-
ing, which entails a suppression of particles with high transverse momenta in the medium.
This has also been recently observed in experiments at both Relativistic Heavy Ion Collider
(RHIC) [21–24] and Large Hadron Collider (LHC) [25–27]. The suppression mechanism hap-
pens through the mechanism of energy loss when jets travel through the hot medium. The
key to understand jet quenching and jet substructure modifications in heavy ion collisions is
to understand how the jet interacts with the expanding medium. There has been tremendous
theoretical effort to study the jet energy loss mechanism (see Refs. [28–31] for recent reviews).
The evolution of the jet in the medium usually depends on multiple scales such as the
jet energy, the transverse momentum with respect to the jet axis, which will characterize
the collinearity of the jet and thermal scales of the QGP. In current heavy ion collision
experiments, the temperature achieved lies in the range 150− 500 MeV, and may not always
be a perturbative scale. Thus, a fully weak coupling calculation may not be valid. A hybrid
model has been developed to address this problem [32–36], in which the initial jet production
and vacuum-like parton shower are calculated perturbatively, while the subsequent jet energy
loss in the medium is calculated by mapping the field theory computation in the strong
coupling limit to a weak coupling computation in the classical gravity theory [37–42], i.e., by
using a modification of the AdS/CFT correspondence [43].
In this paper, we will stick with the case of a weakly coupled QGP, i.e. the temperature
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is much higher than the confinement scale ΛQCD. The jet energy scale however, is much
higher than the temperature. Due to the multiple scales involved in the problem, a powerful
tool to deal with large hierarchies of scales is Effective Field Theory (EFT). The EFT that
is extensively used for jet studies at high energy colliders is Soft-Collinear Effective Theory
(SCET). There is also a formulation of SCET (known as SCETG) treating the Glauber gluon,
which is a type of mode appearing in forward scattering, as a background field induced by
the medium interacting with an energetic jet. By making use of the collinear sector of the
corresponding EFT, this formalism has been used to address the question of jet quenching
in the medium [44–48]. I will use a complimentary approach using a new EFT for forward
scattering that has been developed recently [49] which also uses the Glauber mode to write
down contact operators between the soft and collinear momentum degrees of freedom which
is ideally suited for the situation we want to study.
Another theoretical challenge in understanding the jet-medium interaction is the quantum
interference effect a phenomenon known as the Landau-Pomeranchuk-Migdal (LPM) effect.
This effect has been discussed in literature extensivle [50–54].
To take into account the interference effect, we can keep track of the time evolution
of the system’s density matrix. This can most easily be done by using the open quantum
systems formalism (for introductory books, see [55, 56]). For jets inside a QGP, if we only
focus on jet observables, the jet can be treated as an open quantum system interacting with
a QGP bath. The application of the open quantum system formalism in heavy ion collisions
has been thriving in the study of color screening and regeneration of quarkonium [57–68].
the understanding of quarkonium in-medium dynamics has been improved by combining
potential nonrelativistic QCD (pNRQCD [69–71], an EFT of QCD) and the open quantum
system formalism [72–75]. For example, a semiclassical Boltzmann transport equation of
quarkonium in the medium has been derived, under assumptions that are closely related with
a hierarchy of scales [75–77].
I would like to combine the tolls of EFT successfully applied for jet substructure com-
putations in pp collisions with the open quantum system formalism and explore its physical
implications on the jet-medium interaction. The long term goal is to develop a theoretically
robust formalism for computing jet substructure observables for both light parton and heavy
quark jets. For example, the bottom quark jets have been identified as an effective probe of
the QGP medium and will be experimentally studied at LHC, as well as by the sPHENIX
collaboration at RHIC. There has been recent work on computing jet substructure observable
for heavy quark jets in the context of proton-proton collisions [78, 79]. The objective would
then be to compute the same observables in heavy ion collisions and study modifications
caused by the medium.
A first step was taken in [80] which looked at the transverse momentum spread of a
single energetic quark as a function of the time of propagation through the QGP medium.
The multiple interactions of the quark with the medium were resummed by solving a Lindblad
master equation for the quark jet. However for a realistic description of the system, we also
need to account for the initial hard interaction that creates the energetic quark which is
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dressed with radiation from the subsequent parton shower which accounts for any vacuum
evolution of the jet along with any medium interactions. At the same time a realistic final
state jet produced in a heavy ion collision will usually have a large number of soft partons
that originated from the QGP medium and are not directly associated with the evolution of
the energetic jet. Thus any final state measurement imposed on the jet will have to account
for these corrections which necessitates keeping track of the degrees of freedom of the QGP
medium. A way around this, which has long been used to deal with soft contamination from
Multi-Parton Interactions (MPIs) in pp collisions is that of jet grooming (For e.g. Soft-Drop
[81]), which, for this paper, works by simply throwing away all the final state particles that do
not pass an fractional energy cut-off (zcut). I maintain this cut-off to be large enough so that
all soft partons are automatically removed from the jet. This has the great advantage that
we can once again formulate our problem in terms of the reduced density matrix of the jet,
while tracing over all the degrees of freedom of the QGP medium. This also lets us avoid any
issues from the presence of non-global logarithms frequently encountered in jet substructure
observables in pp collisions.
To implement this, I will borrow the tools developed in the context of pp collision for
computing jet substructure observables. This field has progressed rapidly in recent years,
both due to advances in explicit calculations, e.g. [97], as well as due to the development
of techniques for understanding properties of substructure observables using analytic [99]
approaches. Developments in jet substructure (see [100] for a recent review) have shown that
the modified mass drop tagging algorithm (mMDT) or soft-drop grooming procedure robustly
removes contamination from both underlying event and non-global color-correlations, see Refs.
[81].
The aim of this paper is to write down a factorization theorem for the reduced density
matrix of of the jet within SCET, which subsequently allows me to resum any large logarithms
in the final state jet substructure measurements imposed on the jets. Simultaneously, I solve
the Lindblad evolution equation for the density matrix in the Markovian approximation,
which also resums multiple interactions of the jet with the medium. Ultimately, I relate this
to the resummed cross section for the imposed jet substructure observable as a function of
the propagation time of the jet through the medium. This paper sets up the theoretical
framework and we leave a detailed phenomenological study for the future.
This paper is organized as follows. In Section 2 I introduce the physical system that we
wish to study along with the final state measurements imposed and the relevant physical scales
that play an important role in its description. I also describe the relevant momentum modes
that are dictated by these scales which will be a guide towards writing down a factorization
formula. The next Section 3 works out in detail, the factorization formula for the reduced
density matrix of the jet within the framework of SCET. Section 4 deals with impact of
the lack of coherence between the hard and medium interaction on the factorized density
matrix. In Section 5 I present the results for the modified jet function presenting its UV
and IR structure. Section 6 gives the form of the master evolution equation and solves is
analytically. Finally I conclude and discuss future directions in Section 7.
– 4 –
2 The observable
We want to a consider final state fat dijets events produced in a heavy ion collision in the
background of a QGP medium. The jet are isolated using a suitable jet algorithm such as
anti-kT with jet radius R ∼ 1. We examine the scenario when the hard interaction creating
the back to back jets happens at the periphery of the heavy ion collision, so that effectively
only one jet passes through the medium while the other evolves purely in vacuum. Since we
do not want to keep track of the soft partons coming from the QGP, we put a grooming on
the jets. We put in a simple energy cut-off sufficiently large to remove all partons at energy
T and lower. Given a hard scale Q ∼ 2EJ , where EJ is the energy of the jet and an energy
cut-off, zcutEJ , we work in the hierarchy
Q zcutQ T (2.1)
where T is the plasma temperature. The measurement we wish to impose is the transverse
momentum imbalance between the two jets qT ∼ T . While this fixes the scaling of modes
that fail grooming, this does not necessarily guarantee collinear scaling inside the jet. To
ensure that, we also put in a jet mass, e, measurement on both jets with Q
√
e ∼ qT ∼ T .
This measurement is identical to the one presented in [82] and we will refer the reader to that
paper for a more detailed analysis of this observable.
We wish to write down a factorization theorem within Soft Collinear Effective Theory(SCET)
which separates out functions depending on their scaling in momentum space. This leads us
to the following modes, same as ones described in [82].
pµs ∼ (qT , qT , qT ), Global Soft mode
pµn ∼ Q(1, λ2c , λc), λc =
√
e, collinear mode
pµsc,n ∼ Qzcut(1, λ2sc, λsc), λsc =
qT
Qzcut
, Soft-collinear mode
pµcs,n ∼ Qzcut(1, λ2cs, λcs), λcs =
√
e
zcut
, Collinear-Soft mode (2.2)
we have 3 more modes with n → n¯. Given the scaling we see that the Global soft mode
fails grooming. The Soft-collinear mode must also fail grooming since if it passes, then it
would change the scaling of jet mass that we demand. The emissions that fail grooming lie
outside the groomed jet and hence contribute to the the transverse momentum imbalance.
The collinear soft mode can either pass or fail the grooming condition and contributes only
to jet mass. The Collinear mode automatically passes grooming and also contributes to the
jet mass. Notice that it has a virtuality of Q
√
e ∼ qT so it can talk to the soft mode via a
Glauber exchange.
The Soft-collinear mode can also interact with the medium but we do not really care about
what happens to that emission after it has come off the collinear particles so we ignore and
sc-Glauber interactions.
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The Collinear-soft mode would be thrown off-shell by a Glauber exchange with the medium
and hence we ignore any such interactions. So the only interaction with the medium that we
care about is that of the collinear mode.
We assume that the particles that make up the medium also scale uniformly in temperature
and have the same scaling as the soft mode.
3 Factorization for Reduced density matrix evolution
We would like to derive a factorization formula for the system density matrix which, in this
case is just the reduced density matrix of the jet interacting with the medium. For ease of
analysis, we consider that the hard interaction that creates the jet is an e+e− collision. While
this is not a real scenario, it is an ideal playground to work out the EFT framework which
mainly deals with the final state physics. The EFT structure can then be easily carried over
to the realistic case of nuclear/hadronic collisions, which we leave for future analysis as part
of a detailed phenomenological application of the formalism developed in this paper. While
a sketch of the factorization was provided in [82], we revisit the factorization in the context
of a density matrix evolution, which uses time ordered perturbation theory.
The hard interaction can be encoded using an effective current operator
Ohard = C(Q)LµJSCETµ (3.1)
C(Q) is the Wilson co-efficient for this contact operator that depends only on the hard scale
Q. Lµ is the initial state current, which in this case is just the lepton current, while JSCETµ
would be the final state SCET current, which is just the gauge invariant quark current.
Lµ = l¯γµl, JSCETµ = χ¯nγµχn¯
where n = (1, 0, 0, 1), and n¯ = (1, 0, 0,−1) are light-like vectors pointing in the direction of
the two jets. The initial state density matrix would then be
ρ(0) = |e+e−〉〈e+e−| ⊗ ρB (3.2)
where we assume a time independent thermal density matrix for the medium. Since the
partons in the medium have the same scaling as the soft mode, we will henceforth suppress
explicitly writing out the factor ρB till it becomes relevant for the Soft function analysis.
We have also started with the assumption that the initial state participating in the hard
interaction is disentangled from the state of the QGP medium. We can follow the evolution
of this density matrix which will evolve with the effective Hamiltonian
H = HQED +HIR +Ohard (3.3)
Since I am interested in a dijet event, I will consider only a single insertion of the hard
operator. The IR SCET Hamiltonian consists of the Hamiltonians that describe the IR modes
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and interactions between them including the Glauber. We will ignore any QED interactions
hence we can drop the HQED piece hereafter.
ρ(t) = e−iHtρ(0)eiHt
= e−iHIRt
[
eiH
IRte−iHt
]
ρ(0)
[
eiHte−iH
IRt
]
eiH
IRt
= e−iHIRtU(t, 0)ρ(0)U †(t, 0)eiHIRt (3.4)
Our evolution operator U(t, 0) now obeys the equation
∂tU(t, 0) = −i[Ohard,I(t), U(t, 0)], with Ohard,I(t) = eiHIRtOharde−iHIRt (3.5)
which has the solution
U(t, 0) = T
{
e−i
∫ t
0 dt
′Ohard,I(t′)
}
(3.6)
Our solution for the density matrix now becomes
ρ(t) = e−iHIRtT
{
e−i
∫ t
0 dt
′Ohard,I(t′)
}
ρ(0)T¯
{
e−i
∫ t
0 dt
′Ohard,I(t′)
}
eiH
IRt (3.7)
Since we will ultimately take a trace over the density matrix with some measurement, to
leading order we insert one hard operator on each side of the cut. Then to leading order
ρ(t) = e−iHIRtρ(0)eiHIRt +
∫ t
0
dt1
∫ t
0
dt2e
−iHIRtOhard(t1)ρ(0)O†hard(t2)eiH
IRt (3.8)
All the action happens in the second term with the hard interaction. Since we ultimately
want to relate this to the cross section, only the second term which has connected diagrams
is relevant, hence we will focus on that hereafter.
We define
σ(t) =
∫ t
0
dt1
∫ t
0
dt2e
−iHIRtOhard(t1)ρ(0)O†hard(t2)eiH
IRt
= |C(Q)|2Iµν
∫
d3x1
∫ t
0
dt1
∫
d3x2
∫ t
0
dt2e
−i(x1−x2)·(pe+pe¯)
e−iH
IRtJµSCET (x1)|0〉〈0|JνSCET (x2)eiH
IRt (3.9)
where Iµν is the Lepton tensor. The IR Hamiltonian is written as a sum over the
Hamiltonians of all the SCET sectors( i.e., the collinear, Soft, Soft collinear et.) along with
the Glauber Hamiltonian, which in our case introduces a interaction between the Soft and
Collinear sectors.
HIR = HSCET +HG (3.10)
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The Glauber Hamiltonian is expressed in terms of effective gauge invariant operators for
quark-quark (qq), quark-gluon (qg or gq) and gluon-gluon (gg) interactions which have been
worked out in the Feynman gauge in Ref. [49]
HG =
∑
ij
CijOijns
Oqqns = OqBn
1
P2⊥
OqnBs , Oqgns = OqBn
1
P2⊥
OgnBs ,
Ogqns = OgBn
1
P2⊥
OqnBs , Oggns = OgBn
1
P2⊥
OgnBs (3.11)
where B is the color index and the subscripts n and s denote the collinear and soft operators.
We will assume for the remainder of the paper that the jet which traverses the medium point
along the n direction. Cij are the Wilson co-efficients for these contact operators and all
begin at O(αs). As motivated in [80], the dominant interaction of the jet with the medium
in mediated by the t channel exchange of the Glauber gluon.
The Glauber operators then prevent us from factorizing the SCET current Jµ in terms of
various momentum sectors. The way to deal with this is to expand out our result in powers of
the Glauber Hamiltonian and establish factorization at each order in the Glauber expansion.
To do this, we rearrange the the result above so as to be able to do a systematic expansion
in the Glauber Hamiltonian. This assumes a weak coupling between the jet and the medium
and follows the same line of derivation as the Lindblad type equation for Open Quantum
Systems.
For convenience lets define∫
dx˜ =
∫
d3x1
∫ t
0
dt1
∫
d3x2
∫ t
0
dt2e
−i(x1−x2)·(pe+pe¯) (3.12)
σ(t) = |C(Q)|2Iµν
∫
dx˜e−iH
IRtJµSCET (x1)|0〉〈0|JνSCET (x2)eiH
IRt
= |C(Q)|2Iµν
∫
dx˜e−iH
SCET t
{
eiH
SCET te−iH
IR(t−t1)e−iH
SCET t1
}{
eiH
SCET t1JµSC(~x1, 0)e
−iHSCET t1
}
{
eiH
SCET t1e−iH
IRt1
}
|0〉〈0|
{
eiH
IRt2e−iH
SCET t2
}
{
eiH
SCET t2JνSCET (~x2, 0)e−iH
SCET t2
}{
eiH
SCET t2eiH
IR(t−t2)e−iH
SCET t
}
eiH
SCET t (3.13)
Using the same process as for the hard function, we now have
σ(t) = |C(Q)|2Iµν
∫
dx˜e−iH
SCET tT
{
e−i
∫ t
0 dt
′HG,ISC (t
′)JµSCET,ISC (x1)
}
|0〉
〈0|T¯
{
e−i
∫ t
0 dt
′HG,ISC (t
′)JνSCET,ISC (x2)
}
eiH
SCET t
(3.14)
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where
OISC (t) = eiH
SCET tOe−iH
SCET t (3.15)
so that all operators are now dressed with the SCET Hamiltonian. We are now set up to do
an expansion in the Glauber Hamiltonain. Ultimately, for this paper, we want to compute
the trace over the reduced density matrix with an appropriate measurement
Σ(t) ≡ Tr[σ(t)M]∣∣
t→∞ (3.16)
We now turn towards deriving factorization formulas for this function at each order in
the Glauber expansion.
3.1 Leading order in Glauber:Vacuum evolution
The leading order term has no Glauber insertions and so should simply give us a result
proportional to the vacuum-background cross section. Since we are doing this in the context
of time ordered perturbation theory we will outline the proof for factorization of this piece
here.
σ(0)(t) = |C(Q)|2Iµν
∫
dx˜e−iHSC(t−t1)JµSCET (~x1)e
−iHSCET t1 |0〉
〈0|eiHSCET t2JνSCET (~x2)eiH
SCET (t−t2)
where, for ease of notation, we have defined∫
dx˜ =
∫
d3x1
∫ t
0
dt1
∫
d3x2
∫ t
0
dt2e
−i(x1−x2)·(pe+pe¯) (3.17)
Now we separate out the interactions from the free theory Hamiltonian writing
HSCET = H0 +Hint (3.18)
then performing our usual trick, we can write
σ(0)(t) = |C(Q)|2Iµν
∫
dx˜e−iH0tT
{
e−i
∫ t
0 dt
′Hint,I(t′)JµSCET,I(x1)
}
|0〉
〈0|T¯
{
e−i
∫ t
0 dt
′Hint,I(t′)JνSCET,I(x2)
}
eiH0t
where
OI(t) = eiH0tOe−iH0t (3.19)
To proceed further, we put in our measurement on the dijets and take a trace over final states
and take the limit t→∞.
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〈X|σ(t→∞)M|X〉 ≡ Σ(0)
= |C(Q)|2Iµν
∫
dx˜〈X|T
{
e−i
∫∞
0 dt
′Hint,I(t′)JµSCET,I(x1)
}
|0〉
〈0|T¯
{
e−i
∫∞
0 dt
′Hint,I(t′)JνSCET,I(x2)
}
M|X〉
where we have
M = δ2
(
~qT − ~p⊥n,groomed jet − ~p⊥n¯,groomed jet
)
δ (en − en,groomed jet) δ (en¯ − en¯,groomed jet)
where ~qT is the transverse momentum imbalance between the two groomed jets, while en, en¯
measures the jet mass for the two groomed jets. Our Hamiltonian now looks like
Hint = HS +
{
(Hn +Hsc,n +Hcs,n) + n↔ n¯
}
(3.20)
while the interactions between the various sectors now appear in the form of Wilson lines in
the SCET current Without the presence of factorization violating Glauber interactions, using
standard techniques outlined in [82], the momentum sectors can now be written as separate
matrix elements. Hence the Hilbert space also factorizes into various momentum modes
|X〉 = |Xn〉|Xn¯〉|Xs〉|Xcs,n〉|Xcs,n¯〉|Xsc,n〉|Xsc,n¯〉 (3.21)
Since the Hamiltonian is already factorized, we have, in principle, a factorization of all the
modes at this stage. However, we still have to implement our power counting on the mea-
surement functions which will ensure that only leading power corrections are retained.
Acting on the final state Hilbert space, we can then pull out the co-ordinate dependence of
the SCET current and perform all co-ordinate integrals
Σ(0) = |C(Q)|2Iµν
∫
d4x1
∫
d4x2e
−i(x1−x2)·(pe+pe¯−pXn−pXn¯−pXs−pXcs,n−pXcs,n¯−pXsc,n−pXsc,n¯ )
× 〈X|T
{
e−i
∫∞
0 dt
′Hint,I(t′)JµSCET,I(0)
}
|0〉〈0|T¯
{
e−i
∫∞
0 dt
′Hint,I(t′)JνSCET,I(0)
}
M|X〉
Performing the integrals over x1 and x2 now gives momentum conserving δ function along with
a 4d volume factor V. We can then decompose the 4 momentum delta function in light-cone
co-ordinates and apply power counting
δ4(pe + pe¯ − pXn − pXn¯ − pXs − pXcs,n − pXcs,n¯ − pXsc,n − pXsc,n¯)
→ δ(Q− p−Xn)δ(Q− p+Xn¯)δ2(p⊥Xgroomedjet,n + p⊥Xn¯,groomedjet + p⊥Xs + p
⊥,fail
Xsc,n
+ p⊥,failXsc,n¯ )(3.22)
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where the superscript fail indicates that the only the Sc radiation that fails the grooming
condition contributes to the transverse momentum imbalance. Our factorization now becomes
Σ(0) = V × |C(Q)|2Iµν〈X|T
{
e−i
∫∞
0 dt
′Hint,I(t′)JµSCET,I(0)
}
|0〉
〈0|T¯
{
e−i
∫∞
0 dt
′Hint,I(t′)JνSCET,I(0)
}
|X〉
× δ(Q− p−Xn)δ(Q− p+Xn¯)δ2(p⊥Xgroomedjet,n + p⊥Xn¯,groomedjet + p⊥Xs + p
⊥,fail
Xsc,n
+ p⊥,failXsc,n¯ )
× δ2
(
~qT − ~p⊥n,groomed jet − ~p⊥n¯,groomed jet
)
δ (en − en,groomed jet) δ (en¯ − en¯,groomed jet)
Without loss of generality, we can assume that the axis of the n¯ groomed jet is exactly aligned
with the n¯ direction, in which case its transverse momentum becomes zero.
Σ(0) = V × |C(Q)|2Iµν〈X|T
{
e−i
∫∞
0 dt
′Hint,I(t′)JµSCET,I(0)
}
|0〉
〈0|T¯
{
e−i
∫∞
0 dt
′Hint,I(t′)JνSCET,I(0)
}
M|X〉
× δ(Q− p−Xn)δ(Q− p+Xn¯)δ2(~qT + p⊥Xs + p
⊥,fail
Xsc,n
+ p⊥,failXsc,n¯ )δ
2
P⊥n¯
× δ2
(
~qT − ~p⊥n,groomed jet
)
δ (en − en,groomed jet) δ (en¯ − en¯,groomed jet)
δP⊥n¯ is a Kronecker delta setting the transverse momentum of the n¯ groomed jet to 0. We
now have a transverse momentum condition δ2
(
~qT − ~p⊥n,groomed jet
)
, which tells us that the n
groomed jet is not exactly aligned with the n axis. However, we can use RPI I invariance of
from SCET, to adjust the axis of the groomed jet without changing any physics , so that this
condition can simply to written as δ2(~p⊥n,groomed jet) which now gets us back to the standard
definition of the jet function. We also see that the transverse momentum imbalance receives
contributions from all the modes that fail grooming.
We can convert the Kronecker delta to a Dirac delta following literature [83]
δ2P⊥n¯ = piQ
2δ2
(
p⊥Xn¯,groomedjet
)
(3.23)
The jet mass measurement receives contributions from the modes that pass soft-drop,
which are the Collinear Soft and Collinear modes in each groomed jet. We can now write the
final form of our factorized density matrix
Σ(0) = V ×H(Q,µ)× S(~qT ;µ)⊗qT J ⊥n (en, Q, zcut, ~qT ;µ)⊗qT J ⊥n¯ (en¯, Q, zcut, ~qT ;µ)(3.24)
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where ⊗qT indicates a convolution in ~qT . H(Q) is the hard function which also includes the
born level term. Each J functions can be further written as
J ⊥n (en, Q, zcut, ~qT ;µ) = S⊥sc,n(Qzcut, ~qT )×
∫
de′Scs,i(en − e′, Qzcut)Jn(e′, Q)
≡ S⊥sc,n(Qzcut, ~qT )× Scs,i(en, Qzcut)⊗en Jn(en, Q) (3.25)
with the functions defined as follows
S(~qT ) =
1
NR
tr〈XS |T
{
e−i
∫∞
0 dt
′HS(t′)S†n¯Sn(0)
}
|0〉〈0|T¯
{
e−i
∫∞
0 dt
′HS(t′)S†nSn¯(0)
}
δ2(~qT − P⊥)|XS〉
The trace here is a trace over color and its understood that |XS〉〈XS | includes a sum over soft
states with their phase space integrated over. This computes the Soft function in a vacuum
background, but as we know we actually have a background of the QGP which also scales as
the soft mode. So, in principle, we have
S(~qT ) =
1
NR
tr〈XS |T
{
e−i
∫∞
0 dt
′HS(t′)S†n¯Sn(0)
}
ρQGP T¯
{
e−i
∫∞
0 dt
′HS(t′)S†nSn¯(0)
}
δ2(~qT − P⊥)|XS〉
where we have assumed a time independent QGP background. Of course, we can take into
account the fact that the time scales for the soft emission( which puts the collinear mode
off-shell) is much shorter than the formation time for the QGP, in which case we would
be justified to compute the soft function in a vacuum background, which is what we will
assume for the rest of this paper. However, I stress that this assumption in no way affects
the derivation of the factorization and is an effect which can be readily incorporated in future
calculations. The jet function is defined as
Jq(e,Q) =
(2pi)3
Nc
tr〈0|T¯
{
e−i
∫∞
0 dt
′Hn(t′) /¯n
2χn
}
δ(Q− P−)δ2(P⊥)δ(e− E)|Xn〉
〈Xn|T
{
e−i
∫∞
0 dt
′Hn(t′)χ¯n(0)
}
|0〉
Similarly, we have
Scs(e,Qzcut) =
1
NR
tr〈0|T¯
{
e−i
∫∞
0 dt
′Hcs(t′)U †nWt
}
δ(e− (1−ΘGroom)E)|Xcs〉
〈Xcs||T
{
e−i
∫∞
0 dt
′Hcs(t′)W †t Un
}
|0〉
there are two such functions, one for each jet. Finally we have the Soft Collinear function
Ssc(~qT , Qzcut) =
1
NR
tr〈0|T¯
{
e−i
∫∞
0 dt
′Hsc(t′)U †nWt
}
Θgroomδ2(~qT −ΘgroomP⊥)|Xsc〉
〈Xsc|T
{
e−i
∫∞
0 dt
′Hn(t′)W †t Un
}
|0〉
The one loop results and the resummation of all the large logarithms was already pre-
sented in [82]. For convenience we collect all the results in Appendix A.
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3.2 Next-to-Leading order in Glauber
We now consider the next to leading order term in the expansion of the Glauber Hamiltonian
starting from Eq.3.16. In the previous paper, the leading term we considered was the quadratic
insertion of the Glauber Hamiltonian which was the first non-trivial interaction with the
medium. In the present case, we have a non-trivial soft function consisting of Soft Wilson
lines which can lead to interfering diagrams between the soft function and the medium.
However, as stated in the previous section, if the time scale for Soft emissions is shorter than
the QGP formation time, then we can factorize the QGP interactions from the explicit soft
radiation off the quark in which case we need to do atleast a quadratic Glauber insertion.
This is what we will consider here. We can have two contributions depending on the the two
Glauber insertions on the same or opposite sides of the cut which respectively correspond to
virtual and real interactions of the medium partons.
• Glauber insertion on both sides of the cut
σ(1)a (t) = |C(Q)|2Iµν
∫
dx˜e−iH
SCET tT
{∫ t
0
dt′HG,ISC (t′)J
µ
SCET,ISC
(x1)
}
|0〉
〈0|T¯
{∫ t
0
dtˆHG,ISC (tˆ)JνSCET,ISC (x2)
}
eiH
SCET t (3.26)
By following the same series of steps as for the leading order term, we can write the
result in terms of the free theory interaction picture.
σ(1)a (t) = |C(Q)|2Iµν
∫
dx˜e−iH0tT
{
e−i
∫ t
0 dt
′Hint,T (t′)
∫ t
0
dtaHG,I(ta)JµSCET,I(x1)
}
|0〉
× 〈0|T¯
{
e−i
∫ t
0 dt
′Hint,I(t′)
∫ t
0
dtbHG,I(tb)JνSCET,I(x2)
}
eiH0t
The next step is to obtain a factorized formula in terms of our EFT modes. To do this,
we explicitly put in the form of our Glauber operator, considering the case of collinear
quarks interacting with the soft quarks in the medium. The rest of the operators can
be treated in exactly the same manner.
HG(x) = CqqOAn (x)OAS (x) (3.27)
We can now take the trace over the density matrix inserting our measurement as before.
〈X|Mσ(1)a (t→∞)|X〉 ≡ Σ(1)a
= |C(Q)|2Iµν
∫
dx˜〈X|T
{
e−i
∫ t
0 dt
′Hint,T (t′)
∫ t
0
dtaHG,I(ta)JµSCET,I(x1)
}
|0〉
× 〈0|T¯
{
e−i
∫ t
0 dt
′Hint,I(t′)
∫ t
0
dtbHG,I(tb)JνSCET,I(x2)
}
M|X〉
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We can now follow the same series of steps as for the leading order term, and apply power
counting to measurement functions as well as the momentum conserving δ functions
based on the momentum scaling of each mode. Accordingly ,we factorize the Hilbert
space of the final states in terms of the momentum scaling of the modes and pull out the
co-ordinate dependence of each mode by acting with the operators on the final state.
This yields the following intermediate factors
I =
∫
d4x1e
−ix1·(pe+pe¯−pJn,1−pJS,1−pn¯−pcs,n−pcs,n¯−psc,n−psc,n¯)
∫
d4x2e
−ix2·(pe+pe¯−pJn,2−pJS,2−pn¯−pcs,n−pcs,n¯−psc,n−psc,n¯)
∫
d4xae
−ixa·(pGn,1+pGs,1) ×
∫
d4xbe
−ixb·(pGn,2+pGs,2) (3.28)
where the subscripts G, J tell us whether the momentum is coming from the action of
the Glauber fields or the SCET current. Now performing the integrals and applying
power counting, we have
I = δ(Q− p−Jn1)δ(Q− p+n¯ )δ2(p⊥Jn,1 + p⊥Js,1 + p⊥n¯ + p⊥,failSc,n + +p⊥,failSc,n¯ )
δ(Q− p−Jn2)δ(Q− p+n¯ )δ2(p⊥Jn,2 + p⊥Js,2 + p⊥n¯ + p⊥,failSc,n + +p⊥,failSc,n¯ )
δ(p−Gn,1)δ(p
+
GS,1 + p
+
Gn,1)δ
2(p⊥Gn,1 + p⊥GS,1)
δ(p−Gn,2)δ(p
+
GS,2 + p
+
Gn,2)δ
2(p⊥Gn,2 + p⊥GS,2) (3.29)
where we have ignored any factors of 2pi which will be absorbed in the overall co-efficent
for Σ(1)a . We also have additional constraints since the total momentum for a particular
mode must match on both sides of the cut
pJn,1 + pGn,1 = pJn,2 + pGn,2
pJS,1 + pGS,1 = pJS,2 + pGS,2 (3.30)
We can simplify our measurement δ functions using these set of constraints
δ2(~qT − p⊥ngroomed − p⊥n¯groomed) ≡ δ2(~qT − p⊥n − p⊥,n¯)
= δ2(~qT − p⊥Gn,1 − p⊥Jn,1 − p⊥,n¯)
= δ2(~qT + [p⊥GS,1 + p⊥JS,1] + p⊥,failsc,n + p
⊥,fail
sc,n¯ ) (3.31)
where the term inside the square brackets is the total contribution from the Soft sector,
which includes both the vacuum as well as medium effects. Then coming back to our
transverse momentum conserving δ function, we have
δ2(p⊥Jn,1 + p⊥Js,1 + p⊥n¯ + p
⊥,fail
Sc,n + +p
⊥,fail
Sc,n¯ ) = δ
2([p⊥Jn,1 + p⊥Gn,1] + p⊥n¯ − ~qT ) = δ2(p⊥n + p⊥n¯ − ~qT )
(3.32)
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As for the leading order term, we can set the axis of the n¯ groomed jet to be exactly
aligned with the n¯ axis and then using RPI I , do the same for the n jet. Using the rest
of the constraints then, once again we have an overall factor of V × T .
Since we are ignoring interference between the Soft operators of the SCET and the
Glauber insertion, we can set
pGS,1 = pGS,2 ≡ pGS , so that pJS,1 = pJS,2
With all these simplifications, we are left with
I = δ(Q− p−n )δ(Q− p+n¯ )δ2(p⊥n )piQ2δ2(p⊥n¯ )
δ(p−Gn,1)δ(p
+
GS + p
+
Gn,1)δ
2(p⊥Gn,1 + p⊥GS)
δ(p−Gn,2)δ(p
+
GS + p
+
Gn,2)δ
2(p⊥Gn,2 + p⊥GS) (3.33)
We can now write down our factorization formula for Σ(1)a .
Σ(1)a = V × |Cqq|2H(Q,µ)
{∫
d2~qJSS(~qJS)
}{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}{∫
d2~qGSdp
+
GSS
AB
G (q⊥GS , p+GS)
}
{∫
d2~p⊥Gn,1d
2~p⊥Gn,2dp
+
Gn,1dp
+
Gn,2J
AB
n (en, ~p⊥Gn,1, ~p⊥Gn,2, p+Gn,1, p
+
Gn,2)
}
⊗enCSn(Qzcut, en)Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)
× δ2(~qT + ~qJS + ~qGS + ~qSc,n + ~qSc,n¯)
× δ2(~qGS + ~p⊥Gn,1)δ2(~qGS + ~p⊥Gn,2)δ(p+GS + p+Gn,1)δ(p+GS + p+Gn,2) (3.34)
In order to simplify notation, its easiest to express this result by rewriting some of the
momentum conserving δ functions in co-ordinate space. This gives us
Σ(1)a = V × |Cqq|2H(Q,µ)
{∫
d2~qJSS(~qJS)
}
{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}
×
∫
d4x
∫
d4y
{∫
d2~qGSS
AB
G (q⊥GS , {x⊥, x−}, {y⊥, y−})
}{
JABn (en, x, y)
}
⊗enCSn(Qzcut, en)Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)
× δ2(~qT + ~qJS + ~qGS + ~qSc,n + ~qSc,n¯)
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While most of the functions remain unchanged compared to their vacuum counterparts,
we have two new/modified function SABG and JABn defined as
SABG (q⊥GS , {x⊥, x−}, {y⊥, y−}) = 〈XS |{δ2(q⊥GS − P⊥)OAS (x⊥, x−)}ρBOBS (y⊥, y−)|XS〉
JABn (en, x, y) = 〈Xn|T
{
χ¯n(0)
/¯n
2O
A
n (x)
}
|0〉〈0|T¯
{
OBn (y)χn(0)
}
δ2(P⊥)δ2(Q− P−)δ(en − En)|Xn〉
(3.35)
Using the translational invariance of the QGP medium we can write
SABG (q⊥GS , {x⊥, x−}, {y⊥, y−}) =
∫
d4k
(2pi)4k4⊥
ei(xˆ−yˆ)·kDAB> (k)δ2(q⊥GS − ~k⊥) (3.36)
where xˆ ∈ (x+, 0, ~x⊥) and yˆ ∈ (y+, 0, ~y⊥), and as derived in [80], DAB> (k) is the Wight-
man function in the thermal bath. We note here that this function is independent of
k+.
We therefore write
Σ(1)a = V × |Cqq|2H(Q,µ)
{∫
d2~qJSS(~qJS)
}{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}
⊗en CSn(Qzcut, en)⊗en
∫
d2q⊥GS
∫
d4k
(2pi)4k4⊥
DAB> (k)δ2(q⊥GS − ~k⊥)
∫
d4x
∫
d4yei(xˆ−yˆ)·k
{
JABn (en, x, y)
}
× Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)δ2(~qT + ~qJS + ~qGS + ~qSc,n + ~qSc,n¯) (3.37)
• Glauber insertion on the same side of the cut
We can now look the piece we get by doing two Glauber insertions on the same side of
the cut starting from Eq. 3.16. Here, I will consider inserting on the bra side and deal
with the ket in the same manner later on.
σ
(1)
b (t) =
(−i)2
2 I
µν |C(Q)|2
∫
dx˜e−iH
SCET tT
{∫ t
0
dt′HG,ISC (t′)
∫ t
0
dtˆHG,ISC (tˆ)J
µ
SCET,ISC
(x1)
}
|0〉
〈0|T¯
{
JνSCET,ISC (x2)
}
eiH
SCET t
This can again be written in terms of the free theory interaction picture following the
same steps as in the previous section
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σ
(1)
b (t) =
(−i)2
2 I
µν |C(Q)|2
∫
dx˜e−iH0tT
{
e−i
∫ t
0 dtiHint,I(ti)
∫ t
0
dt′HG,I(t′)
∫ t
0
dtˆHG,I(tˆ)JµSCET,I(x1)
}
|0〉
× 〈0|T¯
{
e−i
∫ t
0 dt
′Hint,I(t′)JνSCET,I(x2)
}
eiH0t
As before, we can pull out the co-ordinate dependence explicitly from each momentum
sector in order to get momentum conserving δ functions. In this case we obtain the
following co-ordinate integrals
I =
∫
d4x1e
−ix1·(pe+pe¯−pJn−pJS−pn¯−pcs,n−pcs,n¯−psc,n−psc,n¯)
∫
d4x2e
−ix2·(pe+pe¯−pn−pS−pn¯−pcs,n−pcs,n¯−psc,n−psc,n¯)
∫
d4xae
−ixa·(pGn,a+pGS,a) ×
∫
d4xbe
−ixb·(pGn,b+pGS,b) (3.38)
along with the constraints matching the momentum in a particular sector on both sides
of the cut.
pJn + pGn,a + pGn,b = pn
pJS + pGS,a + pGS,b = pS (3.39)
which after applying power counting leads to
I = δ(Q− p−Jn)δ(Q− p+n¯ )δ2(p⊥Jn + p⊥Js + p⊥n¯ + p⊥,failSc,n + +p⊥,failSc,n¯ )
δ(Q− p−n )δ(Q− p+n¯ )δ2(p⊥n + p⊥s + p⊥n¯ + p⊥,failSc,n + +p⊥,failSc,n¯ )
δ(p−Gn,a)δ(p
+
GS,a + p
+
Gn,a)δ
2(p⊥Gn,a + p⊥GS,a)
δ(p−Gn,b)δ(p
+
GS,b + p
+
Gn,b)δ
2(p⊥Gn,b + p⊥GS,b)
The measurement of the transverse momentum imbalance now reads
δ2(~qT − pn,groomed jet − pn¯,groomed jet) = δ2(~qT − p⊥n − p⊥n¯ )
= δ2(~qT + p⊥s + p
⊥,fail
Sc,n + p
⊥,fail
Sc,n¯ ) = δ
2(~qT + p⊥Js + p⊥GS,a + p⊥GS,b + p
⊥,fail
Sc,n + p
⊥,fail
Sc,n¯ )
So we see that with slight modifications, everything works out in the same manner as
for the previous case. Since we are not including any interference between the SCET
and the Glauber Soft functions, we therefor have
pGS,a + pGS,b = 0 (3.40)
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So, in this case all the qT imbalance only comes from the SCET vacuum corrections
which makes sense since this piece only has virtual interactions with the medium. Our
constraints now become
I = V piQ2δ(Q− p−Jn)δ(Q− p+n¯ )δ2(p⊥n )δ2(p⊥n¯ )
δ(p−Gn,a)δ(p
+
GS,a + p
+
Gn,a)δ
2(p⊥Gn,a + p⊥GS,a)
δ(p−Gn,b)δ(p
+
GS,b + p
+
Gn,b)δ
2(p⊥Gn,b + p⊥GS,b)
The form of the factorization theorem remains unchanged although the definitions of
the various functions now change
Σ(1)b = −
1
2V × |Cqq|
2H(Q,µ)
{∫
d2~qJSS(~qJS)
}{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}{∫
d2~qGSdp
+
GSS
A
G(q⊥GS , p+GS)
}
{∫
d2~p⊥Gn,1d
2~p⊥Gn,2dp
+
Gn,adp
+
Gn,bJ
A
n (en, ~p⊥Gn,a, ~p⊥Gn,b, p+Gn,a, p
+
Gn,b)
}
⊗enCSn(Qzcut, en)Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)
× δ2(~qT + ~qJS + ~qSc,n + ~qSc,n¯)
× δ2(~qGS + ~p⊥Gn,a)δ2(−~qGS + ~p⊥Gn,b)δ(p+GS + p+Gn,a)δ(−p+GS + p+Gn,b)
As before , for compactness we write this as
Σ(1)b = −
1
2V × |Cqq(Q)|
2H(Q,µ)
{∫
d2~qJSS(~qJS)
}{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}∫
d4x
∫
d4y
{
SABG ({x−, x⊥}, {y−, y⊥})
}{
JABn (en, x, y)
}
⊗enCSn(Qzcut, en)Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)
× δ2(~qT + ~qJS + ~qSc,n + ~qSc,n¯) (3.41)
with the following definitions
SABG ({x−, x⊥}, {y−, y⊥}) = 〈XS |T
{
OAS (x⊥, x−)OBS (y⊥, y−)
}
ρB|XS〉
JABn (en, x, y) = 〈Xn|T
{
χ¯n(0)
/¯n
2O
A
n (x)OBn (y)
}
|0〉〈0|T¯
{
χn(0)
}
δ2(P⊥)δ2(Q− P−)δ(en − En)|Xn〉
(3.42)
The term with Glauber insertions on the other side of the cut can now be trivially
obtained from this result.
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4 Decoherence of the hard interaction from the medium
One aspect of this factorization which is different compared to a vacuum factorization result
is the presence of the environment. Since the QGP medium in not coherently connected with
the hard interaction that produces the jet, the phase space of the jet allows the partons to go
on-shell before they interact with the medium. In fact, the most dominant contribution to
the cross section comes from this region of phase space. To see this explicitly we can look at
the tree level result for our modified jet function defined in Eq.3.35 that appears in the the
factorized formula for Σ(1)a in Eq.3.37
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)JABn (en, x, y)
=
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)〈Xn|T
{
OAn (x)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
χn(0)OBn (y)
}
δ2(P⊥)δ(Q− P−)|Xn〉
=
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)eip·(x−y)
∫
d˜pTr
[
u¯(p)TA
/¯n
2D(x)
/¯n
2D
†(y)
/¯n
2T
Bu(p)
]
δ2(p⊥)δ(Q− p−)
=
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)eip·(x−y)
∫
d˜p
Tr
[
u¯(p)TA
/¯n
2
∫
d4q
/n
2
q−e−iq·x
q2 − i
/¯n
2
∫
d4q′
/n
2
(q′)−eq′·y
(q′)2 + i
/¯n
2T
Bu(p)
]
δ2(p⊥)δ(Q− p−)
(4.1)
where henceforth we will reserve the notation d˜p to mean the integral over the phase space
of the on-shell massless particle p
d˜p = d
3p
2Ep
≡ d4pδ+(p2) (4.2)
The integrals over the co-ordinates x and y now sets q = q′ = p+ k. Since we are integrating
over k, we see that there is a pinch singularity in the integral over k+ and the dominant con-
tribution comes from the region when the intermediate propagators(in q = q′) go on-shell. So
we can replace the propagators with their on-shell condition ignoring for the rest of this paper
any contribution from the residual principal value. We leave for the future an investigation
of the corrections from the principal value terms.
We can therefore revisit our factorized functions and simplify them by looking at this domi-
nant contribution where the intermediate partons produced in the hard interaction go on-shell
before interacting with the medium.
• Σ(1)a
For convenience we give our factorized formula for the Glauber insertion on opposite
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sides of the cut Eq. 3.37
Σ(1)a = V ×H(Q,µ)|Cqq(Q)|2
{∫
d2~qJSS(~qJS)
}{∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}
⊗en CSn(Qzcut, en)
⊗en
∫
d4k
(2pi)4k4⊥
DAB> (k)
∫
d4x
∫
d4yei(xˆ−yˆ)·k
{
JABn (en, x, y)
}
× Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)δ2(~qT + ~qJS + ~k⊥ + ~qSc,n + ~qSc,n¯) (4.3)
Since we are working in a regime where the intermediate partons are going on-shell,
we can do a a further factorization of the jet function to separate out the Glauber and
vacuum terms explicitly. What this will do is separate out a piece which is now looks
like the standard jet function in the SCET piece, albeit, this is now convoluted with
the Glauber jet function due to the jet mass measurement which happens on the final
state. While both the hard current as well as the Glauber vertex receives higher order
corrections from the SCET Hamiltonian, the large logarithms that dominate the cross
section come from the SCET corrections to the hard vertex. Hence for this paper, we
will only evaluate the Glauber vertex at tree level while allowing for all order corrections
to the hard interaction, although it is straightforward to compute higher order SCET
corrections to the Glauber vertex given our factorized formula. To proceed, we can
insert a complete set of on-shell states separating the hard and Glauber operators,
which is allowed since we are going to place the intermediate partons on-shell.
J AB(en, k) =
∫
d4x
∫
d4yei(xˆ−yˆ)·k
{
JABn (en, x, y)
}
=
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)〈Xn|OAn (x)|Yn〉〈Yn|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χn(0)χ¯
/¯n
2
}
|0〉
× 〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)|Y˜n〉〈Y˜n|OBn (y)δ(en − E)|Xn〉 (4.4)
which can be rearranged to give
J AB(en, k) =
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)〈Xn|OAn (x)|Yn〉〈Y˜n|OBn (y)δ(en − E)|Xn〉
× 〈Yn|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)|Y˜n〉
≡ GABJ (4.5)
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where its understood that there is an integral over the phase space of all the inserted
states Yn, Y˜n. The Glauber piece can now be evaluated at tree level.
GAB =
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)〈Xn|OAn (x)|Yn〉〈Y˜n|OBn (y)δ(en − E)|Xn〉
=
∫
d4x
∫
d4ye−ik·(xˆ−yˆ)e−ix·(pY −pX)eiy·(pY˜ −pX)〈Xn|OAn (0)|Yn〉〈Y˜n|OBn (0)δ(en − E)|Xn〉
= δ(P−X − p−Y )δ(k+ + p+Y − p+X)δ2(k⊥ + p⊥Y + p⊥X)δ(P−X − p−Y˜ )δ(k
+ + p+
Y˜
− p+X)
δ2(k⊥ + p⊥˜Y + p
⊥
X)〈Xn|OAn (0)|Yn〉〈Y˜n|OBn (0)δ(en − E)|Xn〉 (4.6)
The δ functions then set the total momentum pY = pY˜ . For now, since we only have a
quark operator, this will create and annihilate a single quark which we choose to have
momenta pX1 and pY1 . So we have
GAB = Π∞i=1
∫
d˜pXid˜pY 1d˜pY˜ 1δ(P
−
X − p−Y )δ(k+ + p+Y − p+X)δ2(k⊥ + p⊥Y + p⊥X)
× δ(P−X − p−Y˜ )δ(k
+ + p+
Y˜
− p+X)δ2(k⊥ + p⊥˜Y + p⊥X)Tr[u¯(pX1)TA
/¯n
2u(pY 1)u¯(pY˜ 1)T
Bu(pX1)]
× Π∞i=2
∫
d˜pY i
∫
d˜pY˜ i[2EpY iδ
3(pXi − pY i)][2EpY˜ iδ3(pXi − pY˜ i)]δ(en −
8
Q2
∑
i,j
pXi · pXj)
= Π∞i=1
∫
d˜pXid˜pY 1d˜pY˜ 1δ(P
−
X1 − p−Y 1)δ(k+ + p+Y 1 − p+X1)δ2(k⊥ + p⊥Y 1 + p⊥X1)
× δ(p−X1 − p−Y˜ 1)δ(k
+ + p+
Y˜ 1 − p
+
X1)δ
2(k⊥ + p⊥˜Y 1 + p
⊥
X1)Tr[u¯(pX1)TA
/¯n
2u(pY 1)u¯(pY˜ 1)T
Bu(pX1)]
δ(en − 8
Q2
∑
i,j
pXi · pXj)
(4.7)
We can now eliminate the phase space integrals over pY 1 and pY˜ 1 . This will, as before,
lead to a redundant δ function in energy which we will interpret as a factor of t.
GAB = tΠ∞i=1
∫
d˜pXiTr[TATB]δ(en − 8
Q2
∑
i,j
pXi · pXj)δ
(
p+X1 − k+ +
(p⊥X1 − k⊥)2
p−X
)
(4.8)
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Now putting everything together we have
J AB(en, k) = tΠ∞i=1
∫
d˜pXiTr[TATB]δ(en − 8
Q2
∑
i,j
pXi · pXj)δ
(
p+X1 − k+ −
(p⊥X1 − k⊥)2
p−X
)
〈PX1 − k, PXi|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)|PX1 − k, PXi〉
(4.9)
we can make a change of variables taking pX1 − k → pX1 . We can rearrange the
measurement function as
M =
∑
i,j
pXi · pXj =
∑
j 6=1
pX1 · pXj +
∑
i,j 6=1
pXi · pXj →
∑
i,j
pXi · pXj +
∑
j
k · pXj − k · pX1
Now using the fact that ∑j p−Xj = Q, ∑j ~p⊥Xj = 0 and using the power counting of our
Glauber mode,
M =
∑
i,j
pXi · pXj + 12k
+Q− 12k
+p−X1 + ~k⊥ · p⊥X1 (4.10)
Given the on-shell condition on p− k from Eq. 4.9,
k+p−X = 2~p
⊥
X1 · ~k⊥ + ~k2⊥ (4.11)
M =
∑
i,j
pXi · pXj + Q2p−X
2~p⊥X1 · ~k⊥ +
~k2⊥
2p−X
(
Q− p−X
)
(4.12)
so that our jet function becomes
J AB(en, k) = tΠ∞i=1
∫
dp˜XiTr[TATB]δ(en − 8
~k⊥ · p⊥X1
Qp−X1
− 8 k
2
⊥
2p−XQ2
(Q− p−X1)−
8
Q2
∑
i,j
pXi · pXj)
δ
(
p+X1 − k+ −
(p⊥X1 − k⊥)2
p−X
)
〈PXi|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉
〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)
}
|PXi〉
(4.13)
So the definition of the jet mass measurement is altered from its standard definition
by a function of k⊥ due to the interaction with the medium. Even though we have
worked this out for the case of jet mass measurement, this is a general property for all
jet substructure observables. pX1 here is the momentum of a quark so that when we
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compute the jet function, it will automatically sum over all the quarks in the jet as
it should. When we include the gluon-medium interaction, we will have a similar sum
over gluon states.
To write the final form for Σ(1)a , we use the k+ independence of DAB> to remove the
on-shell condition for p− k from Eq. 4.13
Σ(1)a = V × t
{
H(Q,µ)|Cqq(Q)|2
{ ∫
d2~qJSS(~qJS)
}{ ∫
d2~qSc,n¯Ssc,n¯(Qzcut, ~qSc,n¯)
}
{ ∫
d2~qSc,nSsc,n(Qzcut, ~qSc,n)
}
⊗en CSn(Qzcut, en)
⊗en
∫ d2k⊥dk−
(2pi)4k4⊥
DAA> (k)J˜n(en,~k⊥)
× Jn¯(en¯)⊗en¯ CSn¯(Qzcut, en¯)δ2(~qT + ~qJS + ~k⊥ + ~qSc,n + ~qSc,n¯)
}
Where we have absorbed all factors of 2pi resulting from the δ functions inside Cqq.
Where we have now defined a modified jet function
J˜n(en,~k⊥) = Π∞i=1
∫
dp˜Xiδ(en − 8
~k⊥ · p⊥X1
Qp−X1
− 8 k
2
⊥
2p−XQ2
(Q− p−X1)−
8
Q2
∑
i,j
pXi · pXj)
〈PXi|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)
}
|PXi〉
(4.14)
The extra piece in the measurement, however, is not readily expressed as a convolution,
so the master equation will be more complicated than before.
• Σ(1)b
The factorized form for this piece was derived in Eq. 3.41 in terms of the functions SG
convoluted with a a jet function with the following definitions
SABG ({x−, x⊥}, {y−, y⊥}) = 〈XS |T
{
OAS (x⊥, x−)OBS (y⊥, y−)
}
ρB|XS〉
JABn (en, x, y) = 〈Xn|T
{
χn(0)
/¯n
2O
A
n (x)OBn (y)
}
|0〉〈0|T¯
{
χ¯n(0)
}
δ2(P⊥)δ2(Q− P−)δ(en − En)|Xn〉
(4.15)
Once again we are going to put the intermediate particles on-shell before they interact
with the medium. This allows us to simplify our jet function by inserting a complete
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basis on on-shell states
JABn (en, x, y) = 〈Xn|T
{
OAn (x)OBn (y)
}
|Yn〉
〈Yn|T
{
χn(0)
/¯n
2
}
|0〉〈0|T¯
{
χ¯n(0)
}
δ2(P⊥)δ2(Q− P−)δ(en − En)|Xn〉
= JˆABn (x, y)Jn (4.16)
We can now completely separate out the medium dependent piece
G =
∫
d4x
∫
d4ySABG ({x−, x⊥}, {y−, y⊥})JˆABn (x, y)
= 2
∫
d4x
∫
d4yΘ(x0 − y0)〈XS |OAS (x⊥, x−)OBS (y⊥, y−)ρB|XS〉〈Xn|OAn (x)OBn (y)|Yn〉
We can now write Θ(t) = 1/2(1 + sgn(t)) separating out the terms corresponding to
Unitary evolution from the dissipative.
G = GU + GD (4.17)
The piece corresponding to unitary evolution reads
GU = 2
∫
d4x
∫
d4ysgn(x0 − y0)〈XS |OAS (x⊥, x−)OBS (y⊥, y−)ρB|XS〉〈Xn|OAn (x)OBn (y)|Yn
〈Yn|T
{
χn(0)
/¯n
2
}
|0〉〈0|T¯
{
χ¯n(0)
}
δ2(P⊥)δ2(Q− P−)δ(en − En)|Xn〉
This piece cancels out with the corresponding Unitary evolution term from double
Glauber insertions on the other side of the cut.
The Dissipative piece, on the other hand no longer contains any time ordering. Then,
as before, using the translational invariance of the QGP medium,
〈XS |OAS (x⊥, x−)OBS (y⊥, y−)ρB|XS〉 =
∫
d4k
(2pi)4k4⊥
ei(xˆ−yˆ)·kDAB> (k)
where xˆ ∈ (x+, 0, ~x⊥) and yˆ ∈ (y+, 0, ~y⊥), DAB> (k) is again the Wightman function in
the thermal bath.
Following the same series of steps as for Σ(1)a , evaluating the Glauber vertex at tree
level brings us to
∫
d4x
∫
d4ySABG ({x−, x⊥}, {y−, y⊥})JABn (x, y) = t
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k)Jn(en)
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We see that the jet function Jn(en) is independent of k⊥ and is in fact the standard
vacuum jet function. This allows us to write the result for Σ(1)b in terms of the vacuum
result Σ(0) from Eq. 3.24.
Σ(1)b = −
1
2Σ
(0) × t|Cqq|2
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k) (4.18)
The result for our reduced density matrix from Eq. 3.16 expanded to quadratic order in the
Glauber vertex now becomes
Σ(t) = Σ(0) + Σ(1)a +
{
Σ(1)b + c.c
}
+O(H3G) (4.19)
which can be rewritten as
Σ(t) = Σ(0)(1− tR) + Σ(1)a (4.20)
where
R = |Cqq|2
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k) (4.21)
5 One loop results for the modified jet function
Given the results of the previous sections, we see that the only new term that needs to be
computed is modified jet function from Eq. 4.14
J˜n(en,~k⊥) = Π∞i=1
∫
dp˜Xiδ(en − 8
~k⊥ · p⊥X1
Qp−X1
− 8 k
2
⊥
2p−XQ2
(Q− p−X1)−
8
Q2
∑
i,j
pXi · pXj)
〈PXi|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)
}
|PXi〉
(5.1)
The one loop calculation is given in Appendix B. As expected, the anomalous dimension
of the modified jet function remains unaltered as is required by RG consistency of the fac-
torization. The effect of the medium then is to alter the IR behavior of the jet function. In
particular, the medium interaction induces new IR divergences which are fully regulated by
the medium induced gluon mass. The one loop result can therefore be written as
J˜ (1)n (en,~k⊥) = J (1)n (en) + JMn (en, k⊥,mg) (5.2)
where J (1)n (en) is the one loop vacuum jet function. The function JMn (en, k⊥,mg) is UV and
IR finite with the IR divergences regulated by the gluon mass mg.
JMn =
αsCF
2pi(en + y)
{
− 2 ln
B
4A3√
A2 +B
+ (A2 +A− 4) ln 4A
B
}
(5.3)
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where we have defined A = en/(en + y) and B = 4M2y/(en + y)2 with
M =
4m2g
Q2
, y = 4k
2
⊥
Q2
(5.4)
This result goes to 0 as k⊥ goes to 0 so that it is a purely medium induced result. There are
two effects to note here
• Unlike the vacuum result, there is no corresponding virtual diagram which regulates
JMn in the limit en → 0. We have to rely on the gluon mass once again to keep the
result finite in this limit. Hence, if we treat this piece as per of the fixed order term in
the jet function, we need to go to Laplace space to do the resummation using the RG
running. But unlike the vacuum jet function, the medium induced piece we will get a
contribution from values of en all the way down to m2g which is contrary to the power
counting of our EFT which assumes en M2. This breakdown is again a result of the
decoherence between the hard interaction and the medium interaction, which signals
the need for a multi-scale EFT at higher order (O(α2s)) which will work in the full range
M2 ≤ en ≤ T 2/Q2.
• We also have a logarithm of lnM2/en in this result. This appears due to the IR pole
when the gluon become collinear to the quark. Unlike the collinear pole in the vacuum
result which always appears at en → 0 and is canceled by the virtual diagrams, the
medium induced collinear pole sits at a non-zero value of en. A possible resummation
of this logarithm would require us to separate the scale en fromM2, which again requires
a multi-stage EFT.
For the purpose of this paper, therefore, we will treat this new term as a fixed order
correction, only keeping its effect to O(αs) in the jet function and hence O(α3s) in the full
cross section. This means than we will evaluate all the other functions in the factorized cross
section at tree level.
We can then write
Σ(1)a = t|Cqq|2
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k)Σ(0)(~qT + ~k⊥)
+ V × tH(Q)|Cqq|2
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k)δ2(~qT + ~k⊥)JMn (en, k⊥,mg) (5.5)
While this result has been obtained by considering the quark interaction with the medium,
we also have a contribution from the gluon interacting with the medium. The one loop result
for this is evaluated in Appendix C. These contributions are again both IR and UV finite.
Once again we treat them as fixed order contributions at one loop and ignore any higher
order resummation associated with these terms, leaving that analysis for the future. The
result gives us two contributions, one from real interaction Eq.C.4 with the medium and
another from virtual Eq.C.6 which we now dress with the medium correlators.
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Σ(1)a,g +
{
Σ(1)b,g + c.c
}
= V × tH(Q)|Cgq|2
∫
d2k⊥dk−
(2pi)4k4⊥
DAA> (k)
×
{
δ2(~qT + ~k⊥)GMn (en, k⊥,mg)− δ2(~qT )GMn (en, k⊥ = 0,mg)
}
(5.6)
with
GMn (en, k⊥,mg) =
αsCF
2pi(en + y)
(A2 − 2A+ 2) ln 4(1−A)
2(M −A)−B + 2√(M −A)2 +B (5.7)
where A = y/(en + y), B = 4M2y/(en + y)2
6 The master equation
We can now gather all the pieces and write down the Master equation for the density matrix
evolution.
In our case, we are now measuring the jet mass and the transverse momentum imbalance
between the jets on the final state. In this case, the matrix element now depends on the jet
mass and the transverse imbalance ~qT . The results till now have been expressed in terms of
a measurement operator imposed of the final state density matrix.
Combining all the pieces from the previous section and using them in Eq. 4.20, we can
write
Tr[ρ(t)M] ≡ Σ(en, ~qT , t)
= V ×
[
Σ(0)(en, ~qT )−RtΣ(0)(en, ~qT ) + t|Cqq|2
∫
d2k⊥dk−
(2pi)4(k2⊥ +m2g)2
DAA> (k)Σ(0)(~qT + ~k⊥)
+ tH(Q)
∫
d2k⊥dk−
(2pi)4(k2⊥ +m2g)2
DAA> (k)
{
δ2(~qT + ~k⊥)
[
|Cqq|2JMn (en, k⊥,mg) + |Cgq|2GMn (en, k⊥,mg)
]
− δ2(~qT )|Cgq|2GMn (en, k⊥ = 0,mg)
}]
(6.1)
where we have explicitly pulled out a factor of V. The Wightman function has been ccaluclated
in [80]
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DAA> (k−, k⊥) = Nf
(8piαs)2
(2pi)3 4piTF × I(k
−, k⊥),with
I(k−, k⊥) =
∫
|p⊥|d|p⊥|dp−dp+dφδ(p−p+ − |p⊥|2)δ
(
(p− + k−)p+ − |p⊥ + k⊥|2
)
(p+)2
× Θ(p− + p+)Θ(p− + k− + p+)nF
(p− + p+
2
)[
1− nF
(p− + k− + p+
2
)]
(6.2)
whereNf is the number of quark flavors in the QGP and we are ignoring any contribution from
the gluons in the medium for simplicity. nF is the Fermi distribution function at temperature
T.
We can now relate the trace over the density matrix to the scattering cross section, noting
that
dσ
dend2~qT
(t) = N Tr[ρ(t)M]
V
(6.3)
where N is a normalization factor that depends on the initial state kinematics which we can
absorb in the born level cross section. Notice here that there is still a time dependence in
the cross section which is unusual but we interpret this as the time of propagation through
the quark gluon plasma which in turn will depend on the length over which the jet traverses
through the QGP medium. Hence, this should be treated as a length scale.
Defining
P (en, ~qT )(t) =
dσ
dend2~qT
(t)
K(~k⊥) = |Cqq|2
∫
dk−
(2pi)4(k2⊥ +m2g)2
DAA> (k)
F (en, k⊥) = NH(Q)
(
JMn (en, k⊥,mg) +
|Cgq|2
|Cqq|2G
M
n (en, k⊥,mg)
)
(6.4)
and taking the limit t → 0, which is justified in the Markovian approximation as explained
in [80], we can write an evolution equation for our observable as a function of the time of
propagation in the QGP medium.
∂tP (en, ~qT )(t) = −RP (en, ~qT ) +
∫
d2k⊥K(k⊥)P (en, ~qT + ~k⊥)(t)
+
∫
d2k⊥K(k⊥)
[
δ2(~qT + ~k⊥)F (en, k⊥)− δ2(~qT )F (en, 0)
]
= −RP (en, ~qT ) +
∫
d2k⊥K(k⊥)P (en, ~qT + ~k⊥, t) +K(~qT )F (en, qT )− δ2(~qT )
∫
d2k⊥K(k⊥)F (en, 0)
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= −RP (en, ~qT ) +
∫
d2k⊥K(k⊥)P (en, ~qT + ~k⊥, t) +K(~qT )F (en, qT )− δ2(~qT )F (en, 0)R (6.5)
The new term then explicitly disappears as k⊥ → 0. Notice that this term does not have a
simple convolution in transverse momentum space. To Solve this we go once again to impact
parameter space,
P˜ (en, ~r⊥) =
∫
d2~qTP (en, ~qT )e−i~qT ·~r⊥
K˜(~r⊥) =
∫
d2~k⊥K(~k⊥)e−i
~k⊥·~r⊥
G˜(en, ~r⊥) =
∫
d2~qT e
−i~qT ·~r⊥
{
K(~qT )F (en, qT )− δ2(~qT )F (en, 0)R
}
(6.6)
so that the convolution turns into a product,
∂tP˜ (en, ~r⊥) = (−R+ K˜(~r⊥))P˜ (en, ~r⊥) + G˜(en, ~r⊥)
dP˜ (en, ~r⊥)
P˜ (en, ~r⊥) + g˜(en, ~r⊥)
= (−R+ K˜(~r⊥))dt (6.7)
with
g˜(en, ~r⊥) =
G˜(en, ~r⊥)
−R+ K˜(~r⊥)
(6.8)
which leads us to the solution
ln
[
P˜ (en, ~r⊥) + g˜(en, ~r⊥)
]
= (−R+ K˜(~r⊥))t+ C
P˜ (en, ~r⊥)(t) = P0e(−R+K˜(~r⊥))t − g˜(en, ~r⊥) (6.9)
where C is the constant of integration and P0 = eC . At t=0 we need the result to be the
vacuum result , V(en, ~r⊥) which is just the Fourier transform of the resummed vacuum cross
section
V (en, ~r⊥) =
∫
d2~qT e
−i~qT ·~r⊥ dσ
dend2~qT
∣∣
vacuum =
N
V
∫
d2~qT e
−i~qT ·~r⊥Σ(0)(en, ~qT ) (6.10)
The factorization for the vacuum cross section is given by Eq. 3.24 in terms of functions
whose one loop results are collected in Appendix A for completeness. The resummation of
the vacuum cross section was accomplished in [82] to NNLL accuracy and we refer the reader
to that paper for more details.
P0 = V (en, ~r⊥) + g˜(en, ~r⊥) (6.11)
which now leads us to the solution
P˜ (en, ~r⊥) = [V (en, ~r⊥) + g˜(en, ~r⊥)]e(−R+K˜(~r⊥))t − g˜(en, ~r⊥) (6.12)
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so that
dσ
dend~qT
(t) =
∫
d2~r⊥ei~r⊥·~qT
{[
V (en, ~r⊥) + g˜(en, ~r⊥)
]
e(−R+K˜(~r⊥))t − g˜(en, ~r⊥)
}
(6.13)
which is the main result of this paper.
While the result gives us a closed form expression, we still to do the integrals numerically
from this point onwards. A realistic comparison with data will need us to include the effects
of nuclear/ hardonic pdfs and we leave a detailed phenomenological study based on this
framework for the future.
7 Conclusion
In this paper, I develop an Effective Field Theory (EFT) framework to compute jet substruc-
ture observables for heavy ion collision experiments. I consider dijet events that happen at
the periphery of the collision so that one of the jets evolves through vacuum while the other
travels through the Quark Gluon Plasma medium that is created in the background. The jets
are groomed using a grooming algorithm in order to mitigate effects of soft contamination
from Multi-parton interactions as well as the QGP medium. This means that the finals state
measurements do not include any soft hadrons from the cooling QGP medium. We can then
only follow the evolution of the reduced density matrix of the jet tracing over the QGP bath.
This effectively treats the jet as an open quantum system interacting with a thermal bath
and allows us to derive a Lindblad type master equation for the density matrix evolution.
I measure two quantities on the final state di-jet configuration: The transverse momentum
imbalance between the jets as well as a jet mass constraint imposed on each jet which re-
stricts the radiation inside the large radius jets to a collinear core. I note that the dominant
contribution to the evolution of the jet in the medium comes from the regime where the par-
tons created in the hard interaction and subsequent vacuum shower go on-shell before they
interact with the medium. This happens due to the lack of quantum coherence between the
hard and medium interactions.
The physical scales that arise from the presence of the medium, the initial state kinematics
as well as the final state measurements create a hierarchy of scales which are reflected in the
form of large logarithms in the cross section. These large logarithms lead to a breakdown of
perturbation theory and it becomes necessary to resum them in order to have convergence.
To do this, I write down a factorization formula within SCET for each piece of the Lind-
blad equation. This formula is valid to leading (quadratic) order in the Glauber vertex that
encodes the forward scattering interaction of the jet with the medium and to leading power
in the expansion parameters of our EFT. All the elements except the jet function remain
identical compared to the corresponding factorized formula for a pure vacuum evolution of
the jet. For consistency of Renormalization group equations, we therefore require that the
anomalous dimension of the medium modified jet function remain the same as its vacuum
counterpart. We explicitly show this by doing a one loop calculation and recovering the cusp
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and non-cusp anomalous dimension. The interaction with medium however, changes the IR
structure of the jet function inducing new Infra-Red divergences in the cross section which
would otherwise be absent in a pure vacuum evolution of the jet. These IR divergences are
fully regulated by the medium induced gluon mass and more significantly, lead to a breakdown
of the power counting of the EFT and higher orders in the strong coupling, which prevents
us from resumming them systematically within the constructed EFT formalism. This can be
remedied by utilizing a multi-scale EFT approach at higher orders in the coupling, something
which we leave for the future. In this paper, I treat these new IR corrections as fixed order
terms and derive a master equation for the evolution of the jet cross section as a function of
the propagation time in the medium. This equation can be solved analytically in impact pa-
rameter space and the solution resums multiple scattering events of the jet with the medium.
The purpose of this paper is to set up an EFT framework for systematic computation of jet
substructure in heavy ion collisions. While I have treated the initial hard interaction as an
e+e− collision for ease of analysis, this can be easily extended to the realistic case of hadronic
collisions which will also require us to input nuclear pdfs for comparison with data. We leave
the detailed phenomenological analysis based on this framework for future work.
While I have accounted for the vacuum evolution, the factorization formula is also set
up to systematically compute the corrections to the Glauber vertex as well which we hope to
include in the future. At the same time, this work now paves the way to apply this formalism
for the case of jets initiated by heavy quarks.
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A Operator definitions and one loop results for vacuum evolution
In this appendix we give the operator definitions of the factorization elements that appear
in the vacuum and their NLO expansions. From those we determine the renormalization
functions, group equations, and corresponding anomalous dimensions. Part of these results
were derived in [82] while the rest were already available in literature. Hence we will only
quote the final results here for the sake of completeness without going into any detailed
derivations.
A.1 Jet functions
The quark and gluon jet function definitions, one loop calculation, and the corresponding
Laplace transforms can be found in ref. [101]. Here we summarize their results. The quark
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jet function is given by,
Jq(e,Q) =
(2pi)3
Nc
tr 〈 /¯n2χn(0)δ(Q− P
−)δ(2)(P⊥)δ(e− E)χ¯n〉 , (A.1)
It is useful to work in Laplace space. The renormalized groomed jet function up to NLO
contributions in Laplace space is given by
Ji(s,Q;µ) = 1 +
αsCi
2pi
{
L2J + γ¯iLJ −
pi2
3 + ci
}
+O(α2s) , (A.2)
where for quark initiated jets we have
Cq = CF =
N2c − 1
2Nc
, γ¯q =
3
2 , cq =
7
2 , (A.3)
The logarithms, LJ that appear in eq. (A.2) and the corresponding one loop anomalous
dimensions are
LJ = ln
(µ2s˜
Q2
)
, γJ = αsCi
pi
(
2LJ + γ¯i
)
+O(α2s) . (A.4)
where s˜ is given, by 4seγE , s being the Laplace variable conjugate to the normalized jet mass
e. The anomalous dimension is defined through the RG equation satisfied by renormalized
jet functions. In Laplace space this is
d
d lnµJi(s,Q;µ) = γ
J(s,Q;µ)Ji(s,Q;µ) . (A.5)
In momentum space the above equation is written as convolution (in the invariant mass
variable e), of the anomalous dimension and the renormalized jet function.
A.2 Collinear-soft function
The operator definition of the invariant mass measurement collinear soft function is given by
Scs(e,Qzcut) =
1
NR
tr〈T
(
U †nWt
)
MSDe T¯
(
W †t Un
)
〉 , (A.6)
whereMSDe is the invariant measurement function,
MSDe = δ (e− (1−ΘSD) E) . (A.7)
Here we dropped the jet flavor (quark/anti-quark or gluon) for simplicity of notation and the
normalization constant NR is simply the size of the representation for SU(Nc) of the Wt and
Un Wilson lines. For quark jets (fundamental representation) we have NR = Nc. Defining
ξ ≡ µ
2
Q2zcut
. (A.8)
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the renormalized collinear-soft function in Laplace space is given as,
Scs(s,Qzcut;µ) = 1− αsCi2pi L
2
cs +O(α2s) , (A.9)
which satisfies the following RGE
d
d lnµScs(s,Qzcut;µ) = γ
cs(s, µ)Scs(s,Qzcut;µ) . (A.10)
The logarithm Lcs and the corresponding anomalous dimension are
Lcs = ln(ξs˜) , γcs(s, µ) = −2αsCi
pi
Lcs +O(α2s) . (A.11)
A.3 Soft function
The soft function that appears in the factorization theorems in eq. (3.24) is defined in eq. (3.26)
and it has been calculated in several schemes at higher orders in QCD, as in [102]. and satisfies
the following renormalization group equations
d
d lnµS(µ, ν) = γ
s(µ, ν)S(µ, ν) , d
d ln ν S(µ, ν) = γ
s
ν(µ, ν)⊗ S(µ, ν) . (A.12)
Therefore we find for the one-loop corresponding impact parameter space quantities
S(µ, ν) = 1 + αs(µ)Ci
pi
{
4 ln
(µE
µ
)
ln
(ν
µ
)
− 2 ln2
(µE
µ
)
− pi
2
12
}
+O(α2s) , (A.13)
with
γs(µ, ν) = −4αs(µ)Ci
pi
ln
(ν
µ
)
+O(α2s) , γsν(µ, ν) = 4
αs(µ)Ci
pi
ln
(µE
µ
)
+O(α2s) . (A.14)
where µ−1E = beγE with b = |~b| is the impact parameter variable conjugate to ~qT .
A.4 Soft-collinear function
The soft-collinear function is defined by the matrix element
S⊥sc(Qzcut) =
1
NR
tr〈T
(
U †nWt
)
MSD⊥ T¯
(
W †t Un
)
〉 , (A.15)
and the groomed jet measurement function, MSD⊥ is given in terms of the label momentum
operator, P,
MSD⊥ = ΘSD × δ2 (qT −ΘSDP⊥) , (A.16)
where ΘSD denotes the soft drop groomer. The collinear-soft modes only contribute to the
invariant mass measurement if they pass soft-drop, which is implemented by the ΘSD term.
and satisfies the following renormalization group equations
d
d ln ν S
⊥
sc(µ, ν) = γscν (µ, ν)⊗ S⊥sc(µ, ν) ,
d
d lnµS
⊥
sc(µ, ν) = γsc(µ, ν)S⊥sc(µ, ν) , (A.17)
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where the Qzcut dependence is suppressed to improve readability. In MS scheme the corre-
sponding Fourier transform is given by
S˜⊥sc(Qzcut;µ, ν) = 1 +
αsCi
pi
{
− 2 ln
( ν
Qzcut
)
ln
(µE
µ
)}
+O(α2s) , (A.18)
and thus for the one-one-loop anomalous dimensions we get
γscν (µ, ν) = −2
αs(µ)Ci
pi
ln
(µE
µ
)
+O(α2s) γsc(µ, ν) = 2
αs(µ)CF
pi
ln
( ν
Qzcut
)
+O(α2s).
(A.19)
B Modified Quark jet function
In this section we present the one loop results for the modified jet function defined as follows
(Eq.4.14)
J˜n(en,~k⊥) =
(2pi)3
Nc
Π∞i=1
∫
d˜pXiδ(en − 8
~k⊥ · p⊥X1
Qp−X1
− 8 k
2
⊥
2p−XQ2
(Q− p−X1)−
8
Q2
∑
i,j
pXi · pXj)
〈PXi|δ2(P⊥)δ(Q− p−)T
{
e−i
∫
dt′Hn(t′)χ¯n(0)
/¯n
2
}
|0〉〈0|T¯
{
e−i
∫
dt′Hn(t′)χn(0)
}
|PXi〉
(B.1)
At tree level, we have a single quark which leads to
J˜ (0)n (en,~k⊥) = δ(en)
∫
d˜pqδ
2(p⊥q )δ(Q− p−q )p−Tr
[
/n
2
/¯n
2
]
= δ(en) (B.2)
and is independent of ~k⊥. I will give all results in Laplace space where I will use s as the
conjugate variable to en, so that at tree level
J˜ (0)n (s,~k⊥) = 1 (B.3)
At one loop, I have both real and virtual diagrams. The gluon emitted as a radiative correction
interacts with the medium and acquires a mass mg with the hierarchy mg  en since we are
working in a weak coupling regime. If the jet function is IR finite, then the mg scale is
irrelevant and we can use dimensional regularization which does not distinguish between UV
and IR divergences. However, we expect that the medium will induce non-trivial in the Infra-
Red physics of this function, it is no longer guaranteed that this function is IR finite, in the
sense that it can be sensitive to scale mg. With this is mind, the strategy I will adopt is
to explicitly separate out terms that correspond to the vacuum jet function and use the fact
that it its IR finite to complete the calculation.
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(a) (b)
Figure 1: Real emission diagrams
B.1 Real emission diagrams
These are the diagrams that arise from the insertion of the Glauber interaction on opposite
sides of the cut. There are two Feynman diagram that contribute as shown in Fig. 1 (along
with a zero bin term). Only the zero bin terms has UV divergences while the rest of the real
pieces only have IR divergences which are fully regulated by the gluon mass. The zero-bin is
there to cancel out the overlap between the jet and the Collinear-Soft function.
R = Ra +Rb −RZ (B.4)
Our real diagram with a gluon mass now becomes
Ra = 8g2CF
∫
d4pδ+(p2)
∫
d4q
(2pi)3 δ
+(q2 −m2g)δ(Q− p− − q−)δ2(~q⊥ + ~p⊥)
× δ
(
en − 8
~k⊥ · ~p⊥
Qp−
− 8k
2
⊥(Q− p−)
2p−Q2 +
8
2Q
(
p+ + q+
)) p−(p− + q−)
q−(p+ q)2
(B.5)
The on-shell condition also requires q− ≥ m which will cut-off any soft divergence. We
also have the constraint
en ≥
4m2g
Q2
(B.6)
After doing the integrals over q+, ~q⊥, we can rescale q− by Q and define M = 2mg/Q, y =
4k2⊥/Q2,
Ra = g2CF
∫ 1
M
dq−
(2pi)2
(1− q−)2
q−
(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 (B.7)
– 35 –
We will rewrite our result explicitly separating out the piece corresponding to the vacuum jet
function
Ra =
g2CF
(2pi)2
[ ∫ 1
M
dq−
(1− q−)2
q−
(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2
]
≡ g
2CF
(2pi)2
[ ∫ 1
M
dq−
(1− q−)2
q−
(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 − ∫ 1
M
dq−(1− q−)
q−en
]
+
{∫ 1
M
dq−
q−en
− g
2CF
(2pi)2
∫ 1
M
dq−
1
en
}
(B.8)
Due to the presence of y, this will now induce a non-trivial y dependent IR term which is
on top of the SCET vacuum result. But it is important to see that this does not have any
UV divergences and all IR divergences are fully regulated by the physical gluon mass. We
have written this result so that the first term explicitly goes to 0 in the limit y → 0 while the
second term which is y independent is exactly the contribution to the vacuum jet function.
We will look at the y dependent term in detail in Section B.3
We also have the diagram from Fig.1b, which gives us
Rb = 4g2CF
∫
d4pδ + (p2)
∫
d4q
(2pi)3 δ
+(q2 −m2g)δ(Q− p− − q−)δ2(~p⊥ + ~q⊥)
× δ
(
en − 8
~k⊥ · ~p⊥
Qp−
− 8k
2
⊥(Q− p−)
2p−Q2 +
8
2Q
(
p+ + q+
)) (p− + q−)2
[(p+ q)2]2
p2⊥
p−
(B.9)
which gives us the IR and UV finite result
Rb =
1
2
g2CF
(2pi)2
∫ 1
M
dq−q−(1− q−)(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 (B.10)
We can rewrite this term, adding and subtracting a y independent piece
Rb =
{
g2CF
2(2pi)2
∫ 1
M
dq−q−(1− q−)(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 − g2CF2(2pi)2
∫ 1
M
dq−q−
en
}
+ g
2CF
2(2pi)2
∫ 1
M
dq−q−
en
(B.11)
The first line here explicitly goes to 0 as y → 0 while the second term again is the contribution
to the vacuum jet function
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Figure 2: Virtual emission with real medium interaction
B.2 Virtual Diagrams
Due to the presence of the mass scales, we also need to consider the virtual diagrams. One of
the diagrams which we will now evaluate in shown in Fig.2. Once again we have a zero-bin
contribution
V = Va + Vb − VZ (B.12)
However, we see immediately that the medium interaction does not affect the virtual
diagrams at all, except for a contribution from the medium correlator which only appears as
overall multiplicative factor. Hence the virtual diagrams remain identical to the case of the
vacuum jet function.
B.3 Medium induced terms
Combining all the terms computed in the previous two sections, we can write our result for
the modified jet function as
J˜ (1)n = J (1)n + J (M)n (B.13)
where J (1)n is identical to the vacuum jet function result presented in Eq.A.2 and is independent
of the gluon mass mg, since it is IR finite. JMn is the medium induced term which we collect
here from Eqn. B.8 and Eq.B.11.
JMn =
g2CF
(2pi)2
[ ∫ 1
M
dq−
(1− q−)2
q−
(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 − ∫ 1
M
dq−(1− q−)
q−en
]
+
{
g2CF
2(2pi)2
∫ 1
M
dq−q−(1− q−)(
(en(1− q−)− q−y)2 + 4M2(1− q−)y
)1/2 − g2CF2(2pi)2
∫ 1
M
dq−q−
en
}
(B.14)
The crucial point to note here is that there is no corresponding virtual diagram so that
there is a real IR divergence, albeit regulated by the gluon mass as en → 0. This is counter to
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Figure 3: Gluon real interaction with the medium
our scaling argument for en at higher orders where we now seem to get a contribution from
this region en → 0 even when the final jet mass is much larger. This is again a consequence
of the lack of quantum coherence between the hard vertex that creates the energetic quark
and the Soft particles in the QGP medium. This suggests that at higher orders, we need to
have an EFT formulation which accounts for en all the way down to the IR scale m2/Q2. We
leave this for the future.
This also suggests that we can only truly trust this new term at leading order where our
power counting holds. So we will treat this piece as a fixed order correction to our eventual
master equation and not include it as part of our resummed jet function.
Since we are treating this term as a fixed order correction, the en that appears here is
the final en that scales as y,T. Defining A = en/(en + y) and B = 4M2y/(en + y)2, we now
keep only the singular, logarithmic terms as M → 0,
JMn =
αsCF
2pi(en + y)
{
− 2 ln
B
4A3√
A2 +B
+ (A2 +A− 4) ln 4A
B
}
(B.15)
In the limit y → 0, A→ 1, B → 0, so that the full result goes to 0 as y → 0 as expected.
C Gluon interaction with medium
C.1 Real interaction with medium
We have another real diagram which is induced by the medium and is otherwise absent in
the vacuum. Fig. 3. This involves the interaction of the gluon with the medium.
Rga = 8g2CF
∫
d4pδ+(p2)
∫
d4q
(2pi)d−1 δ(Q− p
− − q−)δ2(~q⊥ + ~p⊥)
× δ
(
en − 82Q(p
+ + q+)− 82Q
2~q⊥ · ~k⊥ + 8~k2⊥(Q− q−)/Q
q−
)
p−(p− + q−)
q−(p+ q)2 (C.1)
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Figure 4: Gluon virtual interaction with the medium
This is again UV finite so that we do not need to use dim.reg. At the same time all the IR
divergences are regulated by the gluon mass. Rescaling q− by Q and defining y = k2⊥/Q2,
M = m/Q
Rga =
g2CF
(2pi)2
∫
dq−
(2pi)d−2
(1− q−)√
(q−en − y(1− q−))2 + 4M2(1− q−)y
(C.2)
which only has a collinear singularity, We also have
Rgb =
g2CF
2(2pi)2
∫
dq−
(2pi)d−2
(q−)2√
(q−en − y(1− q−))2 + 4M2(1− q−)y
(C.3)
which now gives us the result, keeping only the dominant logarithmic pieces
Rg = αsCF2pi(en + y)
(A2 − 2A+ 2) ln 4(1−A)
2(M −A)−B + 2√(M −A)2 +B (C.4)
where A = y/(en + y), B = 4M2y/(en + y)2. As we can see, in the limit y → 0, this result
reduces to
Rg
∣∣
y→0 = −
αsCF
enpi
lnM (C.5)
These terms do not go to 0 as y → 0. This is because we still have another diagram with
a virtual interaction with the medium which needs to be added and which we now turn to.
C.2 Virtual interaction with the medium
These are the diagrams where the Glauber insertion happens on the same side of the cut as
shown in Fig. 4 and Fig. 5. Given that the gluon is on-shell, this will merely give us the real
vacuum diagram dressed with the virtual interaction of the gluon with the medium.
This gives us
RgV,a =
g2CF
(2pi)2
∫
dq−
(1− q−)
q−en
= −αsCF
enpi
lnM (C.6)
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Figure 5: Gluon virtual interaction with the medium
and
RgV,b =
g2CF
2(2pi)2
∫
dq−
q−
en
(C.7)
which yields a non-logarithmic term. Thus we see that the result RgV,a will cancel out the
result from Rg in Eq. C.5 in the limit y → 0.
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